The ability of conidia of the human pathogenic fungus Aspergillus fumigatus to kill larvae of the insect Galleria mellonella was investigated. Conidia at different stages of the germination process displayed variations in their virulence as measured using the Galleria infection model. Non-germinating ('resting') conidia were avirulent except when an inoculation density of 1 Â 10 7 conidia per insect was used. Conidia that had been induced to commence the germination process by pre-culturing in growth medium for 3 h were capable of killing larvae at densities of 1 Â 10 6 and 1 Â 10 7 per insect. An inoculation density of 1 Â 10 5 conidia per insect remained avirulent. Conidia in the outgrowth phase of germination (characterised as the formation of a germ tube) were the most virulent and were capable of killing 100% of larvae after 5 or 24 h when 1 Â 10 7 or 1 Â 10 6 conidia, that had been allowed to germinate for 24 h, were used. Examination of the response of insect haemocytes to conidia at different stages of the germination process established that haemocytes could engulf non-germinating conidia and those in the early stages of the germination process but that conidia, which had reached the outgrowth stages of germination were not phagocytosed. The results presented here indicate that haemocytes of G. mellonella are capable of phagocytosing A. fumigatus conidia less than 3.0 lm in diameter but that conidia greater than this are too large to be engulfed. The virulence of A. fumigatus in G. mellonella larvae can be ascertained within 60-90 h if infection densities of 1 Â 10 6 or 1 Â 10 7 activated conidia (pre-incubated for 2-3 h) per insect are employed.
Introduction
Insects are increasingly been viewed as a valid and useful model for evaluating the virulence of a range of human pathogens due to the structural and functional similarities between their immune system and the innate immune response of mammals [1, 2] . The innate immune system of mammals plays a critical role in defending the body from microbial pathogens and consequently data obtained with insects bear a strong similarity to the response seen in mammals [3, 4] . Larvae of the insect Galleria mellonella have been used to differentiate between pathogenic and non-pathogenic yeast species [5] and a positive correlation between the immune response of G. mellonella and mice to mutants of Candida albicans has been established [6] . Recent work has established the role of gliotoxin in the virulence of the human pathogen Aspergillus fumigatus to Galleria larvae [7] and factors affecting the virulence of C. albicans mutants in Galleria larvae have been elucidated [8] . The use of Galleria larvae for quantifying the virulence of mutants of A. fumigatus by introducing conidia into the haemocoel via the last left pro-leg has been demonstrated [9] . G. mellonella have also been utilised as a model for studying the virulence of Cryptococcus neoformans [10] . Bhabhra et al. [11] have used an insect model to assess the virulence of mutants of A. fumigatus lacking the nucleolar protein Cgr A. In addition larvae of silkworms have been utilised to measure the efficacy of antibiotics in killing bacteria and a positive correlation with the results obtained from murine studies has been demonstrated [12] .
Given the increasing use of insects as models for studying the virulence of fungal and bacterial pathogens and the strong ethical and economic imperatives to reduce the use of mammals in this form of testing it is essential that factors affecting microbial virulence are identified so that standardised inoculation protocols for use with insects can be developed. The aim of the work presented here was to ascertain whether the process of conidia germination affected the virulence of A. fumigatus in Galleria larvae and to establish whether this could be correlated with a reduction in the insect's ability to withstand the pathogen.
Materials and methods

Insect larvae
Sixth instar larvae of the wax moth G. mellonella were obtained from the Meal Worm Company (Sheffield, England). Prior to use larvae were stored in wood shavings in the dark at 15°C and were used within 3 weeks of delivery.
Fungal strains and culture conditions
A. fumigatus ATCC 26933 (obtained from the American Type Culture Collection) was maintained on MEA agar (2% (w/v) malt extract (Oxoid Ltd., Hampshire, UK), 0.1% (w/v) peptone, 2% (w/v) glucose (Oxoid), and 2% (w/v) agar (Difco)) at 4°C and sub-cultured every 3 months. A. fumigatus cultures were grown on MEA agar plates at 37°C for 7-14 days and sporulating A. fumigatus colonies were washed with 0.1% (v/v) Tween-80 (Merck) surfactant solution to isolate conidia. Conidia suspensions were centrifuged (Beckman, GS-6) at 1500Âg for 5 min, washed three times in phosphate buffered saline (PBS, pH 7.4) (Gibco) and resuspended in 5 ml PBS. Conidia density was determined using a haemocytometer after the suspension was diluted by a factor of 1:100 in PBS. A known concentration of conidia was placed in MEM culture medium (Sigma Aldrich) supplemented with 5% (v/v) foetal calf serum (FCS) (Gibco, Paisley, UK), 4 mm L-glutamine (Gibco) and incubated at 37°C in an orbital shaker at 200 rpm for pre-determined periods of time to reach the different stages of conidial germination.
Inoculation of G. mellonella larvae G. mellonella larvae, in groups of ten, were inoculated with conidia by injecting 20 ll of suspension into the haemocoel through the last pro-leg. The syringe used was a SGE 1-ml gas tight syringe (Scientific Pty. Ltd., Melbourne, Australia) with a diameter of 0.75 mm as described [13, 14] .
Control treatments were also included to ensure that neither the injection procedure nor the incubation period were responsible for any mortality observed. These controls involved G. mellonella larvae injected with 20 ll of sterile MEM culture medium. G. mellonella larvae were placed in Petri-dishes and incubated in the dark at 30°C (a temperature which was previously identified as being optimum for culturing larvae infected with fungal pathogens [5, 6] ). Mortality rates were recorded for 4-5 days post-injection. Mortality was assessed based on lack of movement in response to stimulation and discolouration (melanisation) of the cuticle. All experiments were performed on three independent occasions and representative sets of data are presented.
Identification of stages of germination of A. fumigatus conidia
Conidia germination in MEM culture medium was recorded microscopically to record activation (conidia swelling), germination (formation of germ tube) and outgrowth (extension of germ tube). Conidia germination was also monitored by PAMAS particle counter (SVSS-C) analysis with analysis and size distribution (ASD) software. Conidia isolated in MEM culture medium after various treatments were diluted in PBS by a factor of 1:100 and conidia diameter was determined in a 1-8 lm range.
Phagocytosis by G. mellonella haemocytes of A. fumigatus conidia
Measurement of haemocyte-induced phagocytosis of conidia was based on the method of Arumugam et al. [15] . Conidia of A. fumigatus (1 Â 10 7 /ml) were suspended in 10 ml Minimal Essential Medium (MEM) + 5% (v/v) FCS and incubated at 37°C and 200 rpm in an orbital incubator. Conidia were inspected microscopically to determine the stage of germination and then washed three times by centrifugation at 1500Âg for 10 min prior to resuspending in PBS. Conidia were inoculated into G. mellonella larvae at a density of 1 Â 10 6 /insect. Galleria were incubated for 2 h at 30°C and then bled into 12 ml insect physiological saline (IPS) [150 mm NaCl, 5 mm KCl, 0.1 M Tris-HCl, 10 mm EDTA and 30 mm sodium citrate, at pH 6.9]. Haemolymph was centrifuged at 1500Âg for 5 min and resuspended in a further 6 ml IPS. Following another centrifugation step the pellet was suspended in PBS-glucose (5 mm) (PBSG). Phagocytosis was recorded by counting the number of haemocytes that contained conidia out of 200 haemocytes and this count was performed in triplicate for each sample. Haemocytes were counted and viability assessed using the trypan blue exclusion assay. The viability of extracted haemocytes was approximately 87%.
Results
Stages in the germination process of A. fumigatus conidia
Conidia of A. fumigatus incubated in MEM culture medium were examined for the morphological features of germination i.e. activation (spore swelling), germination (the first appearance of a germ tube) and outgrowth which was determined to have commenced once the germ tube had reached twice the diameter of the parent conidium as ascertained using both microscopic examination and a PAMAS particle counter with analysis and size distribution (ASD) software. Each phase of germination is represented in the photomicrograph of germinating conidia on an haemocytometer (Figure 1) . A. fumigatus conidia were observed to be activated after 2 h incubation and this phase lasted for approximately 3 h (mean diameter 3-3.5 lm). After 4 h incubation, 100% of A. fumigatus conidia in MEM showed the characteristics of activation i.e. conidia swelling. After an incubation period of 7 h conidia began germ tube formation with 30%-40% of conidia in the budding phase and only 6% of conidia in outgrowth phase (Figure 2) . After 11 h incubation almost 90% of conidia were in the early stages of the outgrowth phase and showed a mean diameter of 4.0 lm. Non-germinating conidia had a mean diameter of 1-1.5 lm but as germination commenced conidia were observed to swell and the mean diameter at 7 h had increased to 3-3.5 lm. At 9 h incubation the mean diameter of conidia was 4.0 lm. After 11 and 13 h incubation (times corresponding to the early outgrowth phase of germination) mean conidia diameter was 4-4.5 lm but at 23 h (when hyphal formation was observed) two peaks were apparent -one at 5.5 lm and a second peak at 1.0 lm which corresponded to the presence of hyphae in the culture.
Effect of resting A. fumigatus conidia on the mortality levels of G. mellonella larvae Non-germinating conidia at concentrations of 1 Â 10 5 /20 ll, 1 Â 10 6 /20 ll and 1 Â 10 7 /20 ll in MEM culture medium were injected into G. mellonella larvae through the last pro-leg as described. Mortality rates were determined over a 114-h period. Resting conidia at time zero (conidia in MEM culture medium prior to incubation at 37°C) varied in mean diameter from 1.0 to 1.5 lm (32.7% and 39.8%, respectively). Insects inoculated with conidia at concentrations of 1 Â 10 5 /20 ll-1 Â 10 6 /20 ll failed to cause larval death up to 114 h post-infection (Figure 3a) . However, the highest concentration of resting conidia (1 Â 10 7 /20 ll) injected into G. mellonella larvae induced a mortality rate of 40% after 70 h and resulted in 20% survival after 92 h.
Effect of activated A. fumigatus conidia on the mortality levels of G. mellonella larvae Activated A. fumigatus conidia (mean diameter 3 lm) introduced into G. mellonella larvae at a concentration of 1 Â 10 5 /20 ll failed to kill larvae even after an incubation period of 111 h. However, a conidia concentration of 1 Â 10 6 /20 ll caused 20% mortality after 55 h incubation, and 60% kill after 89 h incubation (Figure 3b ). An increase in mortality was also recorded when G. mellonella larvae were injected with 1 Â 10 7 conidia/20 ll. After 55 h 40% of larvae had died while after 67 h 100% had died. Therefore, activation of A. fumigatus conidia by incubation in MEM culture medium for up to 3 h and subsequent injection into G. mellonella larvae caused an increase in virulence when compared to non-activated conidia (Figure 3a) particularly when inoculum densities of 1 Â 10 6 and 1 Â 10 7 /insect were used. Figure 2 . Size distribution of A. fumigatus conidia at different stages of the germination process. Conidia were induced to germinate by incubation in MEM culture medium at 37°C for different periods of time (0, 7, 9, 11, 13 or 23 h). Conidia size was determined using a PAMAS particle counter equipped with size and distribution software. Effect of A. fumigatus conidia in outgrowth phase of germination on the mortality of G. mellonella larvae Inoculation of A. fumigatus conidia, which had been incubated in MEM culture medium for 12 h to the early outgrowth phase, at a concentration of 1 Â 10 5 /20 ll produced no larval death (Figure 3c ). At a total conidial concentration of 1 Â 10 6 /20 ll, G. mellonella larval mortality rates were 60%, 60% and 80% after 34, 46 and 58 h, respectively, postinoculation. G. mellonella inoculated with conidia at a concentration of 1 Â 10 7 /20 ll resulted in 100% mortality after 34 h.
% of Conidia
Larvae of G. mellonella were inoculated with late outgrowth conidia at concentrations of 1 Â 10 5 , 1 Â 10 6 and 1 Â 10 7 /20 ll. A conidia inoculation of 1 Â 10 5 /20 ll, resulted in 60% mortality after 24 h and 100% mortality after 48 h incubation. Infection with conidial concentrations of 1 Â 10 6 /20 ll and 1 Â 10 7 /20 ll resulted in 100% mortality at 24 and 5 h, respectively (Figure 3d) .
Phagocytosis of A. fumigatus conidia by G. mellonella haemocytes
Larvae of G. mellonella were inoculated with conidia of A. fumigatus at different stages of the germination process (i.e. activation, germ tube formation and outgrowth) at a standard density (1 Â 10 6 /insect) and incubated for 2 h at 30°C. The percentage of haemocytes that had attached or phagocytosed conidia was ascertained microscopically as described previously [15] . The results (Figure 4) indicate that using non-germinated (resting) conidia 62% of haemocytes had associated conidia. After 2 h incubation, when the conidia were in the early stages of the activation phase, the percentage of haemocytes showing associated conidia had decreased to 34%. Conidia allowed to germinated for 7 and 9 h to begin germ tube formation were less susceptible to haemocytemediated phagocytosis compared to conidia in the early stages of the activation process. The conidia that had been allowed to germinate for 11 and 13 h, to the early outgrowth stage, prior to inoculation were incapable of being phagocytosed by the haemocytes.
Discussion
Larvae of G. mellonella have been used previously to distinguish between Aspergillus species producing different levels of the immunosuppressive agent gliotoxin [7] and insects have also been used to quantify the role of rel A gene in contributing to the virulence of P. aeruginosa [16] and the virulence of mutants of A. fumigatus lacking the nucleolar protein Cgr A [11] . There is increasing attention being focused on the use of insects for measuring changes in microbial virulence -a process which has time and cost benefits to the researcher as well as ethical benefits in reducing the need to use mammals for this form of testing [3] .
The results presented here demonstrate that the stage of conidial germination affects the virulence of A. fumigatus in G. mellonella larvae. Examination of the ability of Galleria haemocytes to engulf Aspergillus conidia revealed decreased phagocytosis as conidia increased in size from resting conidia (mean diameter (1-1.5 lm) to activated conidia (mean diameter 3-3.5 lm) through to those in the outgrowth phase (mean diameter 4-4.5 lm).
Haemocytes have been classified as prohaemocytes, plasmatocytes, granulocytes (granular cells), coagulocytes, spherulocytes and oenocytoids [17, 18] . The plasmatocytes and granulocytes participate in phagocytosis, nodule formation and encapsulation [19] which are important elements of the insect's cellular defence against bacteria and unicellular fungi [20] . Within Drosophila melanogaster, plasmatocytes participate, to some extent, in the synthesis of antimicrobial peptides during the humoral response [21, 22] and assume the function of phagocytosis of micro-organisms [23] while lamellocytes and crystal cells play respective roles in encapsulation and melanisation of larger intruders [24] . The decreased ability of haemocytes to engulf germinating conidia may be a result of their increased size but could also be due to the fungus secreting toxin(s) [7] or enzymes [25] which arrest the phagocytic process. Proteases produced by Aspergillus flavus have been implicated in the ability of this fungus to colonise G. mellonella [25] .
The work presented here demonstrates that larvae of G. mellonella are susceptible to infection by conidia of A. fumigatus but that the stage of conidial germination and the infection densities are critical factors in producing larval death. Based on the size data for germinating conidia it appears that haemocytes are incapable of phagocytosing conidia with a mean diameter up to 3.5-4.5 lm. For in vivo assays to ascertain the relative virulence of A. fumigatus an inoculation density of 1 Â 10 6 or 1 Â 10 7 /insect of activated conidia (pre-incubated for 3 h) would appear to be optimal in terms of giving results within 60-90 h and in providing conidia against which the insect immune system can mount a cellular response. Non-germinating conidia are avirulent at infection densities of 10 5 and 10 6 /insect. Conidia in the outgrowth phase of growth appear to be too large for the haemocytes to engulf and may thus prevent an examination of the relative virulence of different A. fumigatus isolates.
